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An original (beta + gamma)-TiNbTa material was manufactured by an optimised powder

metallurgy treatment, based on a mechanical alloying (MA) synthesis, carried out at low

energy, and a subsequently field assisted consolidation technique, the pulsed electric cur-

rent  sintering (PECS). The successful development of this (beta + gamma)-TiNbTa material

was possible by the optimisation of the milling time (60 h) for the MA synthesis and the load

and  sintering temperature for the PECS (30 MPa and 1500 ◦C), as key parameters. Further-

more, the selected heating and cooling rates were 500 ◦C min−1 and free cooling, respectively,

to  help maintain the lowest particle size and to avoid the formation of a detrimental high

stiffness, hexagonal (alpha)-Ti alloy. All these optimised experimental conditions enabled

the production of a full densified (beta + gamma)-TiNbTa material, with partially nanostruc-

tured areas and two TiNbTa alloys, with a body centred cubic (beta) and a novel face-centred

cubic (gamma) structures. The interesting microstructural characteristics gives the material

high hardness and mechanical strength that, together with the known low elastic modulus

for  the beta-Ti alloys, makes them suitable for their use as potential biomaterials for bone
replacement implants.
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1.  Introduction

Nanostructured materials (NSMs) are attracting a great inter-
est thanks to their improved properties in comparison with
coarse-grained materials [1–3]. They show higher diffusiv-
ity, greater corrosion resistance [4], magnetic behaviour [5],
reduced sintering temperature, catalytic properties, higher
hardness, fracture strength and yield strength. Conversely,
they present lower ductility and similar elastic modulus [6–8].
The lower ductility can be resolved by the design of mate-
rials with bimodal grain size distribution, i.e., nanoparticles
embedded into the microparticles [9].

NSMs have a wide range of potential applications. As exam-
ple, nanometric diatomaceous earth, carbon, zeolites, lime
and clays, are used as adsorbent materials to remove contami-
nants [10] and as catalytic materials, accelerating the naphtha
reforming and cracking chemical reactions [11]. Fe-based
nanoparticles are used to remove water pollutants including
halogenated organic compounds (HOCs) [12] and heavy metals
[13]. For biomedical applications, NSMs are used in tissue engi-
neering, biomimicry, scaffolds, bioprobe, biomarkers, cancer
diagnosis and localised drug delivery for tumour treatment,
amongst others [14–18].

For bone tissue engineering, NSMs are interesting due
to their superior strength. This characteristic allows for
the production of porous materials (foams) of �-Ti alloys,
which are currently being developed for this purpose, with
their improved mechanical strength [11,19,20] and without
the detrimental effect of the diminished yield and fracture
strengths caused by the porosity.

These �-Ti alloys, with body centred cubic (bcc) struc-
ture and low stiffness, are replacing the usual high stiffness
commercially pure Ti and the Ti6Al4V alloy, with hexagonal
close-packed (hcp) structure, that causes stress-shielding [21].
This phenomenon is a direct consequence of the incorrect
load transference from the implant to the bone that causes
the loosening of the implant and/or premature bone fracture.
These alloys are produced by the addition of �-stabiliser ele-
ments, such as Mo,  Nb and Ta, that assist in the maintenance
of the beta structure of Ti at room temperature [11]. Amongst
these additions, Nb and Ta have particularly relevance, due
to their ability to help improve the Ti alloys biocompatibility
[22–24].

The different methods to produce NSM are based on two
approaches, the “bottom-up”, in which bulk nanostructured
materials are assembled from individual atoms or nanopar-
ticles (chemical and physical vapour depositions (CVD and
PVD) [25,26], electrodeposition [27], etc.), and the “top–down”,
in which coarse-grained materials are processed to refine
the grains, yielding the desired nanostructures [28]. Processes
used include etching [29,30], powder metallurgy (PM) [31,32]
and equal-channel angular pressing (ECAP) [33].

One interesting way to produce the nanostructured �-Ti
alloys for bone tissue engineering, with an expected improved
yield strength and hardness, could be their synthesis by
powder metallurgy mechanical alloying (MA) and their consol-

idation by a suitable thermal treatment. The MA  is an effective
technique to produce non-thermodynamic equilibrium alloys
with an extension of the solubility limits, amorphous alloys
2 0 1 9;8(3):2573–2585

and metastable and nanocrystalline phases [32,34]. However,
this way has only been used to develop nano Ti and nano
Ti–6Al–4V alloys [35–37], with improved strength but a total
absence of the � structure and, consequently, with a high elas-
tic modulus due to their � (hcp) structure [20], and so not an
appropriate material to avoid the stress-shielding phenomenon.

In addition, another important problem in the develop-
ment of bulk-nanostructured materials by PM is the grain
growth that takes place during the thermal consolidation [38].
Thus, to maintain the nanostructure, it is necessary to apply a
fast sintering process. For this purpose, Electric Field Assisted
Sintering Techniques (FAST) seems to be ideal due to the short
time that the consolidation process takes. As an example,
a consolidation process by Pulsed Electric Current Sintering
(PECS) can take a number of minutes [39] whereas Capaci-
tor Discharge Sintering (CDS) can consolidate materials in a
matter of milliseconds [40]. Nevertheless, finding the most
favourable conditions to reach a fully dense material, with the
optimal mechanical properties, nanostructure and preserving
the initial phases, is not an easy task. It is necessary to opti-
mise mainly the applied pressure, the sintering temperature
and the heating and cooling rates [41–43].

Therefore, taking into account all the above mentioned
aspects, this work is focused on the development of a TiNbTa
material as a potential biomaterial for biomedical applications
by MA and subsequently PECS, adjusting the sintering condi-
tions to obtain full densification, the lowest possible particle
size, optimal mechanical properties, homogenisation of Ti, Nb
and Ta and with total absence of the detrimental high stiffness
hcp (�) structure.

2.  Experimental  procedure

Titanium (99.6% purity, <325 mesh), niobium (99.9% purity,
<325 mesh), and tantalum (99.9% purity, <325 mesh), supplied
by Noah Tech (San Antonio, TX, USA) were used to develop
a 57Ti–30Nb–13Ta (at.%) material (henceforth referred to as
TiNbTa).

The TiNbTa synthesis was carried out by MA  at low energy
to produce the total alloying of the element but preventing
any excessive grain growth. A PM400 (Retsch GmbH) planetary
ball mill was used at a spinning rate of 250 rpm for the main
plate and the two vials, under an inert atmosphere (Argon,
by Linde Group, Spain, with H2O ≤8 ppm and O2 ≤2 ppm).
The milling media used was yttria stabilised zirconia (YSZ)
for both the balls and vials. A ball-to-powder ratio (BPR) of
10 was used. 3 wt.% of zinc stearate (NOAH tech, 99.9% purity,
<325 mesh) was also introduced as process control agent (PCA)
to avoid excessive welding and the agglomeration of particles.
The powder mixtures were milled between 1 h and 120 h, at
cyclic intervals of 30 min  OFF-30 min  ON, to avoid any exces-
sive increase of temperature inside the vials.

Subsequently, the as-synthesised TiNbTa material, named
as pTiNbTaxh (being p from powders and x the hours of milling
time), was sintered by PECS (FCT System GmbH, Germany,

◦

and 1500 ◦C and 30–60 MPa, respectively, at a high heating rate
of 500 ◦C min−1 with a dwell time of 10 s and subsequent free
cooling, in order to find the optimised sintering conditions,
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respectively. When the milling time was increased up to 60 h,
two different phases were detected. They were a face-centred
cubic (fcc) and a body-centred cubic (bcc) phase with Fm3m and
j m a t e r r e s t e c h n o l

nd to study the microstructural evolution. A medium vacuum
10−3 atm) was used as a work atmosphere. The temperature
as measured by an infrared pyrometer coupled to the PECS.
he powders were place inside the mould and coated with
raphite paper in order to avoid their release from the mould
uring sintering. Thus, the as-sintered TiNbTa specimens,
amed as x◦C yMPa (where x is the sintering temperature and

 the applied pressure), were prepared with a geometry of
0 mm in diameter and 10 mm in height.

The X-Ray Diffraction (XRD) patterns for the as-synthesised
nd the as-sintered TiNbTa specimens, after the metallo-
raphic treatment, i.e., cutting and surface polishing (P400
rit SiC, diamond suspensions with particles of 9 �m,  3 �m,

 �m and, finally, a colloidal suspension of 0.05 �m of SiC par-
icles), were collected by a PANalytical X’Pert Pro instrument
quipped with a Bragg–Brentano �/2� geometry detector, a Cu
� radiation source (40 kV, 40 mA), a secondary K� filter, and
n X’Celerator detector. They were obtained by scanning from
� between 20◦ and 140◦ with a step of 0.02◦ and a counting
ime of 300 s step−1. Lanthanum hexaboride, LaB6 (Standard
eference Material 660b, NIST), was used as internal pattern to
alibrate the positions of the diffraction lines. The structural
lucidations of the phases and the space group symmetries
SGS) were determined by the DICVOL software, using the
ichotomy method [44], and compared with the Crystallog-
aphy Open Database (COD).

Secondary scanning electron microscopy (SEM) images
ere obtained, using a Hitachi S-4800 field emission at an
cceleration voltage of 5 kV, on the as-synthesised and the
s-sintered TiNbTa specimens. The punctual quantifications
nd mappings of Ti, Nb and Ta were carried out in each phase
y point X-Ray Energy Dispersive Spectrometry (EDS) with a
etector coupled in the SEM at an acceleration voltage of 30 kV.

mage analysis (IA) with the Image-Pro Plus 6.2 software was
mployed to obtain the particle size distribution from the SEM
icrographs using the linear intercept method [45]. Five SEM
icrographs at magnifications of 5kx and 10kx were used per

ach TiNbTa specimen.
Vickers hardness (VH) tests were performed at room tem-

erature in a microhardness FM-700 instrument (Future-Tech.
orp.) at a load of 9.81 N (1 kgf) for 15 s. 100 microindentations
ere randomly taken, on each as-sintered TiNbTa specimen,

o obtain the VH distributions and the reported value was
he average of the different measurements. A carefully pol-
shing process was carried out before to Vickers tests to avoid
ny influence from surface roughness. Furthermore, another
0 VH tests were carried out, in each specific area, to deter-
ine the hardness of different zones found in the as-sintered

iNbTa specimens.
Finally, the flexural strength was measured using the ball

n three balls test (B3B-test), where a disc specimen was sup-
orted on three balls and loaded symmetrically by the fourth
all. The diameters of the four balls were 3 mm.  Additional
etails about this mechanical test can be found elsewhere [46].
he tensile-loaded surfaces of the B3B specimens (disks with a

hickness of 1 mm and a diameter of 12 mm)  were ground and

olished to avoid surface damage. The tests were performed
sing an electromechanical universal testing machine at room
emperature and under load rate of 100 N s−1. The fracture load
as used to calculate the maximum flexural strength (�max)
 9;8(3):2573–2585 2575

by the Börger equation [47]. Five specimens were evaluated for
each as-sintered TiNbTa specimen.

3.  Results  and  discussion

3.1.  Microstructural  characterisation  of  the
as-synthesised  TiNbTa

The XRD patterns for the as-synthesised TiNbTa are shown
in Fig. 1a. For the pTiNbTa1h, the peaks corresponding to the
raw transition metals were detected, specifically, Ti (hcp struc-
ture and P63/mmc SGS), Nb (bcc structure, and Im3m SGS) and
Ta (bcc structure and I-43 m SGS), and indexed according to
the COD reference patterns no. 1532765, 1539041 and 1541266,
Fig. 1 – (a) XRD patterns for the pTiNbTa milled between 1 h
and 120 h. (�) hcp-Ti; (�) bcc-Nb and bcc-Ta; (�) bcc-TiNbTa
alloy; (�) fcc-TiNbTa alloy. (b) Crystalline domain size (D)
determined for both (�) bcc-TiNbTa and (�) fcc-TiNbTa alloy.
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Im3m SGS, respectively. These phases were indexed according
to the reference patterns no. 1534903 (fcc-Nb type) and 4000948
(bcc-Nb type) in the COD, respectively. Subsequently, from 80 h
to 120 h of milling time, only the fcc phase was detected. This
suggests a metastable character of the bcc phase that changes
to a stable fcc phase thanks to the energy transferred by the
milling process. Finally, no Zr phases were found, suggesting
a low contamination from the milling media.

The determination of lattice parameters for both bcc and
fcc phases showed similar values for all milling times, accord-
ing to the low standard deviation obtained (3.308 ± 0.002 Å
and 4.361 ± 0.002 Å for the bcc and fcc phases, respectively).
This aspect suggests a similar composition for all milling
times. The displacements of those lattice parameters with
the corresponding references (a = b = c = 3.301 Å for bcc-Nb and
a = b = c = 4.230 Å for fcc-Nb) together with the total absence of
the Ti, Nb and Ta raw elements, suggests a total conversion of
them. Thus, both fcc and bcc phases must be fcc-TiNbTa and
bcc-TiNbTa alloys. This assertion is further corroborated later.

Fig. 1b shows the crystal domain size (D) determined by the
Scherrer’s equation [48] for both bcc and fcc TiNbTa alloys. The
low intensity, and number of peaks, made impossible to apply
the Williamson–Hall or Warren Averbach methods, where a
family of peaks are necessary [49,50]. A general decreasing
trend of D for both bcc and fcc TiNbTa alloys was observed
with the increasing milling time up to 60 h. After this time,
the D values remained practically invariant. The lowest D was
reached for both alloys at 60 h of milling time (around 2.2 nm).

For the subsequent consolidation stage of the as-
synthesised pTiNbTa, the specimen of pTiNbTa60h, with both
bcc and fcc TiNbTa phases, and the lowest D, was selected to
determine the evolution of the composition and microstruc-
tures.

3.2.  Pulsed  electric  current  sintering  process

The as-synthesised pTiNbTa60h was sintered at four temper-
atures, two load pressures and fixed heating rate (Table 1).
Fig. 2 shows the PECS applied programme (sintering tem-
perature, load and shrinkage rates). It can be seen how
the maximum sintering temperature (dotted red line) was
reached after ∼4 min  of the PECS process. Also, for the
1300 ◦C 30 MPa,  1400 ◦C 1300 MPa and 1500 ◦C 30 MPa spec-
imens, the temperature increased when the maximum
pressure was attained. For the specimen with the double pres-

sure applied, 1500 ◦C 60 MPa,  preliminary tests, based on the
first application of 60 MPa before the heating, produced the
release of the powders from the graphite die. For that reason,
it was decided to use the same condition for the sintering as

Table 1 – Sintering conditions used for the as-synthesised pTiN
HR, heating rate; Dt, dwell time; CR, cooling rate, determined fr

Specimen ST
(◦C)

SP
(MPa)

HR
(◦C min−1)

1300 ◦C 30 MPa 1300 30 500  

1400 ◦C 30 MPa 1400 30 

1500 ◦C 30 MPa 1500 30 

1500 ◦C 60 MPa 1500 60 
2 0 1 9;8(3):2573–2585

used for the other three specimens. The maximum loads were
maintained until the end of the shrinkage. Thus, from Fig. 2
it can be seen how the experimental heating rate reached the
500 ◦C min−1, initially programmed.

In addition, the experimental cooling rate for the four spec-
imens could be calculated from the PECS sintering curves
(Table 1). They were around 300 ◦C min−1 for all specimens.
However, considering the observed behaviour from the sin-
tering temperature to approximately 900 ◦C (this temperature
value was selected for all specimens in order to compare
them), the cooling rate was around 600–700 ◦C min−1. This
high cooling rate, together with the high heating rate and
only 10 s of dwell time, allowed the partial maintenance of
the nanostructured characteristics for the as-sintered TiNbTa
specimens, as will be evidenced later.

Looking at the shrinkage rate curve (continuous green lines
in Fig. 2), three different peaks can be seen for all the as-
sintered TiNbTa specimens. A first stage, around 1 min  of the
PECS progress, was associated with the compaction process
due to the load application. Subsequently, during the heat-
ing stage, the second peaks are associated with the neck
formation between particles and the porosity annihilation
(sintering stage) [51]. A particular behaviour was observed for
the specimen 1500 ◦C 60 MPa. In this case, two shrinkage peaks
were detected in the heating rate zone. The second one is
attributable to a partial formation of a liquid phase, due to
the increase of the applied pressure. The combination of high
heating rate and high pressure may lead to small temperature
inhomogeneities in the sample, leading to melting of some
specific zones of the disk. Finally, when the PECS progresses to
the cooling rate stage, a third peak for all specimens appears.
This third stage is associated with the thermal contraction as
consequence of the abrupt decrease of temperature, from sin-
tering temperature down to 400 ◦C. Following this third peak,
no other phenomena were observed in the shrinkage curves of
the different specimens up to the end of the PECS. It is impor-
tant to emphasise that only when the sintering peak (second
stage) reached the shrinkage value of 0, was the PECS pro-
cess forced to go to the cooling rate stage. Thus, the dwell
time necessary was around 10 s for all specimens, as shown
in Table 1.

3.3.  Microstructural  characterisation  of  the  as-sintered
TiNbTa  specimens
The density of the as-sintered TiNbTa was measured by
both geometry and by the Archimedes methods (Table 2).
By both methods, increased values of absolute density were
obtained with the sintering temperature between 1300 ◦C and

bTa60h. ST, sintering temperature; SP, sintering pressure;
om ST to 900 ◦C and from ST to 400 ◦C.

Dt
(s)

CR,  ST-900 ◦C
(◦C min−1)

CR, ST-400 ◦C
(◦C min−1)

10 680  330
570 300
570 340
580 300
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Fig. 2 – PECS curves for the as-synthesised pTiNbTa60h sintered at different pressure and temperature, showing the
evolution of the applied load (L, dotted lines), sintering temperature (T, dashed lines) and shrinkage (S, continuous lines).

Table 2 – Density (by geometry and Archimedes methods) and volumetric porosity (by image analysis) for the as-sintered
TiNbTa specimens.

Specimen Geometric density(g/cm3) Archimedes density(g/cm3) Volumetric porosity(%)

1300 ◦C 30 MPa 6.4 6.7 7.7
1400 ◦C 30 MPa 7.0 7.0 2.9

1
t
T
c
d

i
(
t
9
c
t

t
d
i
p
s
B
p

1500 ◦C 30 MPa 7.2 

1500 ◦C 60 MPa 7.2 

500 ◦C. With an increase of pressure, from 1500 ◦C 30 MPa
o 1500 ◦C 60 MPa,  the density remained practically invariant.
herefore, according to the density measurements, the appli-
ation of 1500 ◦C and 30 MPa is enough to obtain the maximum
ensification.

The XRD pattern for the as-sintered TiNbTa is illustrated
n Fig. 3. The same fcc and bcc TiNbTa alloys were indexed
Fig. 3a). In this case, new slight peaks could be assigned
o Yttrium Stabilized Zirconia (YSZ, reference pattern no.
015117 of the COD [52]). Comparing the peak intensities, this
ontamination phase, coming from the milling media, seems
o be in a low percentage.

On the other hand, the (111) and (110) reflections for both
he fcc and the bcc TiNbTa alloys, respectively, underwent a 2�

isplacement to higher values with the high energetic sinter-
ng conditions and also in comparison with the corresponding
eaks of the as-synthesised pTiNbTa60 (Fig. 3a). This aspect

uggests a decrease of the lattice parameters (according to
ragg’s law)  and therefore, a compositional variation for these
hases during the PECS process. Both reflections remained
7.2 ∼0
7.1 ∼0

displaced from the fcc-Nb and bcc-Nb reflections (shown as
dotted lines in Fig. 3b for comparison purposes), suggesting
that both phases remain as TiNbTa alloys. This assertion is
further confirmed through the SEM–EDS results.

The volumetric porosity, distribution of phases and the par-
ticle morphology for the as-synthesised and the as-sintered
TiNbTa specimens were determined from the SEM images
(Figs. 4 and 5). It can be seen that the volumetric porosity,
determined by the Image  Analysis and according to the ASTM
E2901 standard, showed an almost total absence of poros-
ity for the highest sintering temperature 1500 ◦C (Table 2 and
Fig. 4). This aspect is in accordance with the increase of density
(Table 2).

For the pTiNbTa60h, agglomerated particles were observed
which can be attributed to the ball milling process (Fig. 4). The
particles that make up these agglomerations seem to be par-
ticles under micrometric sizes and with a close to spherical

morphology. In turn, the SEM images for the TiNbTa specimens
sintered at the lowest temperatures, i.e., 1300 ◦C 30 MPa and
1400 ◦C 30 MPa, show a heterogeneous microstructure formed
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Fig. 3 – (a) XRD patterns for the as-sintered TiNbTa at
different pressure and temperature. For comparison
purpose, the XRD pattern for the pTiNbTa60h has also been
displayed. (�) bcc-TiNbTa alloy; (�) fcc-TiNbTa alloy; (�) YSZ.

(b) Magnification of the same XRD patterns showing the
2theta displacements for the (111)-fcc and (110)-bcc peaks.

by three areas (marked as 1, 2 and 3 in Fig. 4). Two of these three
areas are formed from nanometric particles (zones 1 and 2).
When the sintering temperature was increased, i.e., for the
1500 ◦C 30 MPa and 1500 ◦C 60 MPa,  the specimens evolved to
more  homogeneous microstructures, with only two different
contrasting zones (1 and 2 in Fig. 4, where zone 1 corresponds
to a nanostructured zone).

The SEM images at 10kX are shown in Fig. 5. It can be
seen how the three zones observed in Fig. 4, for 1300 ◦C 30 MPa
and 1400 ◦C 30 MPa correspond, in fact, to nanometric (zones
1 and 2) and submicrometric particles (zone 3) with different
contrasts. Zone 3 shows dark particles and a grey continuous
phase. On the other hand, the other two zones (zones 1 and 2)

show three different contrasting regions for the nanoparticles
(black, grey and white), possibly as consequence of different
composition and structure (bcc and fcc phases). The speci-
mens sintered at the highest temperature (1500 ◦C 30 MPa and
2 0 1 9;8(3):2573–2585

1500 ◦C 60 MPa)  showed only two zones (zones 1 and 2 in Fig. 5).
This suggests that at least two types of the particles have the
same structure and the diffusion of Ti, Nb and Ta produced the
homogenisation, since only two phases were detected by XRD
(see Fig. 2). In addition, Fig. 5 also shows some clear particles
(marked with dotted white squares) that can be assigned to
the YSZ contamination.

General and points EDS–SEM were carried out to deter-
mine the composition of the different particles (Table 3
and Figs. 6 and 7). The general semi-quantitative EDS–SEM
analysis, as determined by an average value of 20 measure-
ments for each specimen, show similar TiNbTa compositions
between the pTiNbTa60h and the as-sintered TiNbTa speci-
mens. The zirconium atomic percentage, coming from milling
media (YSZ), was around 5 at.% in all specimens. This is a
lower amount in comparison with specimens where Hardened
Stainless Steel was used as milling media [53]. On the other
hand, the general TiNbTa composition, regardless of the Zr
contamination, presented average atomic values close to the
nominal 57Ti–30Nb–13Ta used.

In turn, the semi-quantitative point EDS–SEM analysis was
carried out on all as-sintered TiNbTa specimens. It was impos-
sible to discriminate between both fcc and bcc phases in the
as-synthesised pTiNbTa60h due to the high level of particle
agglomeration, so making it unfeasible to determine their
composition. In addition, it is important to emphasise that it
was only possible to measure the composition for the submi-
crometric particles area (Table 3). For the two nanostructured
zones it was impossible to carry out accurate measurements
due to their extremely low sizes (the lateral spread of X-ray is
more than 2 �m for an accelerating voltage of 15 kV) [54–56].
Thus, in the dark particles of the measured zone, an increase
of the Ti and Nb and a decrease of the Ta components was
detected for the higher energetic sintering conditions, i.e.,
temperature and pressure. This contrasts with the bright par-
ticles of the same zone, where a decrease of Ti and an increase
of Nb and Ta amounts were detected (Table 3). This fact sug-
gests a trend to diffuse Ti, Nb and/or Ta during the sintering
process to homogenise the phases when the temperature and
the pressure were increased.

To corroborate the assertions about the composition of par-
ticles, representative EDS–SEM mappings were carried out in
the submicrometric particle zone for the 1300 ◦C 30 MPa and
1500 ◦C 60 MPa specimens (Fig. 6). This zone shows both the
determined Ti-rich dark phase and a Ti-poor bright phase,
suggesting both phases correspond to the fcc and bcc TiNbTa
alloys. Also, in some specimens small Zr-rich areas could be
seen, corresponding to the YSZ particles from the milling
media.

Also, representative EDS–SEM mappings for both nanopar-
ticle zones were carried out on the specimen 1400 ◦C 30 MPa y
1500 ◦C 30 MPa (Fig. 7). The results showed similar behaviour
to that of the submicrometric zone, where all the con-
trasts were TiNbTa alloys, with higher Ti amount for the
darker contrast and higher Ta and Nb for the brighter con-
trasts. The Zr component due to the milling media was

practically negligible in all the nanoparticle zones observed.
Therefore, considering that for XRD only two alloys were
detected (fcc and bcc TiNbTa), all these EDS–SEM mappings
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3.4.  Mechanical  behaviour
Fig. 4 – SEM images at 2kX for the as-synthesised pTiN

nd point EDS–SEM suggest that all dark and bright contrasts,
ound in the different zones, were the same phases, in this
ase, a fcc and a bcc TiNbTa alloy with different Ti–Nb–Ta
ompositions.

Average and distribution particle sizes were determined
or the TiNbTa specimens by Image  Analysis, according to the

ethods described earlier in the experimental section (Fig. 8
nd Table 4). This clearly shows an increase of average particle
ize with an increase of sintering temperature, from 1300 ◦C to
500 ◦C, going from 100 nm to 360 nm.  In turn, when the sinter-
ng pressure was increased from 30 MPa to 60 MPa at 1500 ◦C,
he average particle size also increased to 480 nm.  This effect
s a direct consequence of the formation of a melting metallic
hase during sintering when the pressure was increased up to

0 MPa,  as previously mentioned. In these conditions, the liq-
id phase causes an increment of the atomic diffusion driving
orce and, consequently, an increase of particle size.
0h and the TiNbTa specimens after the PECS process.

The comparison of the 95 percentile, i.e., the value from
which 95% of the particles are below, showed an increas-
ing trend, from 260 nm to 970 nm,  for 1300 ◦C 30 MPa and
1500 ◦C 60 MPa, but always in the submicrometric range. In
addition, the two different populations of particle sizes, i.e.,
the nano- and the submicrometric-particles, could be distin-
guished except in the case of the 1300 ◦C 30 MPa, where a
majority of nanometric particles were detected. Therefore,
at this moment, it can be asserted that it was easy to get
a full consolidation of a mixture of nano and submicromet-
ric bcc + fcc TiNbTa alloys by PECS, even when high energetic
sintering conditions (temperature and pressure) were applied.
To understand the effect of the microstructure evolution
on the mechanical properties of the as-sintered TiNbTa
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Fig. 5 – SEM images at 10kX for the as-synthesised pTiNbTa60h and the TiNbTa specimens after PECS process. YSZ particles
are marked with dotted white squares.

Table 3 – General and points EDS–SEM measurements, in atomic percentage (at.%), for the pTiNbTa60h and the
submicrometric area of the as-sintered TiNbTa specimens.

Specimen General
pTiNbTa60h Ti: 56.5 ± 2.1 Nb: 26.4 ± 1.6 Ta: 12.0 ± 0.8 Zr: 5.1 ± 1.4

General Point EDS
(bright contrast)

Point  EDS
(dark contrast)

1300 ◦C 30 MPa Ti: 56.6 ± 1.5
Nb: 27.4 ± 0.4
Ta: 11.7 ± 0.2
Zr: 4.3 ± 1.7

Ti:  10.6 ± 2.8
Nb: 16.1 ± 11.4
Ta: 73.3 ± 14.0

Ti:  87.6 ± 2.4
Nb: 10.0 ± 1.5
Ta: 2.4 ± 1.9

1400 ◦C 30 MPa Ti: 57.0 ± 0.8
Nb: 26.8 ± 0.9
Ta: 11.2 ± 0.4
Zr: 5.0 ± 0.9

Ti:  29.3 ± 3.6
Nb: 37.3 ± 3.1
Ta: 33.3 ± 4.0

Ti:  81.3 ± 3.8
Nb: 12.2 ± 3.5
Ta: 6.5 ± 1.1

1500 ◦C 30 MPa Ti: 56.4 ± 0.2
Nb: 27.4 ± 0.7
Ta: 11.4 ± 0.1
Zr: 4.8 ± 0.5

Ti:  36.8 ± 4.5
Nb: 46.3 ± 3.0
Ta: 16.9 ± 2.1

Ti:  75.5 ± 4.3
Nb: 17.0 ± 3.0
Ta: 7.5 ± 2.6

1500 ◦C 60 MPa Ti: 56.2 ± 1.1
Nb: 26.6 ± 0.9
Ta: 11.6 ± 0.2
Zr: 5.6 ± 0.7

Ti:  38.9 ± 3.0
Nb: 48.8 ± 4.4
Ta: 12.3 ± 3.1

Ti:  72.6 ± 5.9
Nb: 19.3 ± 2.0
Ta: 8.1 ± 1.7

scopy
Energy-dispersive X-ray spectroscopy (EDS)-Scanning Electron Micro

specimens, microhardness was first determined. After one
hundred of tests, randomly carried out for each of the

PECS conditions, the microhardness value distributions were
obtained (Fig. 9 and Table 4). Initially, it was observed for the
lower energetic sintering condition, i.e., 1300 ◦C 30 MPa, the
 (SEM)

lowest hardness (7.5 ± 1.6 GPa), as a consequence of the high
remnant porosity, was measured (7.7 vol.%, Table 2). When the

sintering temperature was increased for the 1400 ◦C 30 MPa
specimen, the hardness increased until an average value
of 9.7 ± 5.3 GPa. This increase it is clearly associated to the
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Table 4 – Average (dav) and the percentile 95 (P95) particle size, the Vickers hardness carried out with a load of 1 kg (HV1),
the ultimate biaxial strength (UBS) and the maximum strain (εmax) for the as-sintered TiNbTa specimens.

Specimen dav(nm) P95(nm) HV1(GPa) UBS(MPa) εmax(%)

1300 ◦C 30 MPa 100 260 7.5 ± 1.6 73 ± 16 3.9 ± 1.2
1400 ◦C 30 MPa 280 580 9.7 ± 5.3 401 ± 27 11.5 ± 0.9
1500 ◦C 30 MPa 360 750 10.2 ± 4.7 459 ± 22 10.6 ± 0.6
1500 ◦C 60 MPa 480 970 9.2 ± 4.6 350 ± 15 10.5 ± 1.6

Fig. 6 – SEM–EDS mappings for the representative submicrometric and nanometric particle size areas of the 1300 ◦C 30 MPa
a
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nd 1500 ◦C 60 MPa specimens, respectively.

brupt decrease in porosity. However, the most important
spect observed for 1400 ◦C 30 MPa was the high distribution
f microhardness values as shown by the high standard devi-
tion. This aspect suggests different hardness for the three
ones detected by SEM (Figs. 4 and 5). Finally, when the sin-
ering temperature was increased until 1500 ◦C, specimens
500 ◦C 30 MPa and 1500 ◦C 60 MPa,  the measured hardness
alue was practically constant, with only a variation of around
% (10.2 ± 4.7 GPa and 9.2 ± 4.6 GPa). For the 1500 ◦C 30 MPa,
his slight increase was associated mainly with the total
nnihilation of porosity and, for the 1500 ◦C 60 MPa, when
he sintering pressure was increased until 60 MPa, the slight
iminishing of the microhardness was associated with the

ncrease of average particle size until 480 nm (see Fig. 8). In
ddition, the decrease of standard deviation was associated
o the of the microstructure from the three marked zones
or the 1400 ◦C 30 MPa specimen to the two zones observed
or 1500 ◦C 30 MPa and 1500 ◦C 60 MPa,  as consequence of the
ncrease of particle sizes and the homogeneity of composition.
hus, it is important to emphasise that to produce the desired
icrostructure, it is important to select the optimised sinter-
ng conditions by PECS and not only the decrease in porosity,
hich is normally used as a key characteristic parameter.

Considering the different zones observed, new microin-
entations were carried out in the three zones to determine
their hardness values. The results obtained (Fig. 10) show
how the nanometric zones presented higher hardness values
(around 12 GPa) than the submicrometric zones (around
8 GPa), according to the Hall–Petch behaviour [57]. The detri-
mental low HV value of the nanostructured zones for the
1300 ◦C 30 MPa was as a consequence of the high porosity for
this specimen. This is in accordance with the random study
of the microhardness mentioned above.

Finally, the biaxial flexural strength was determined by 5
tests of each TiNbTa specimen (Fig. 11). This shows a represen-
tative stress–strain curve of the biaxial test for each specimen
and Table 4 lists the average values. It can be seen that there
is a low ultimate biaxial strength (UBS = 73 ± 16 MPa)  for the
1300 ◦C 30 MPa. This reduction of the mechanical strength
was again associated to the porosity that acts as a stress
concentration factor. When the sintering temperature was
increased, the biaxial strength reached the maximum value
of 459 ± 22 MPa for the 1500 ◦C 30 MPa. This highest value is a
direct consequence of the total annihilation of porosity and
the low average particle size. Finally, for this same temper-
ature and at 60 MPa of pressure, i.e., the 1500 ◦C 60 MPa,  the

increase of particle size gave a non-negligible decrease of
UBS (350 ± 15 MPa). Therefore, according of the UBS  values,
the optimised sintering conditions by PECS was 1500 ◦C and
30 MPa, in agreement with the hardness values. On the other
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Fig. 7 – SEM–EDS mappings for the representative nanometric particle size areas of the 1400 ◦C 30 MPa and 1500 ◦C 30 MPa
as-sintered TiNbTa specimens, respectively.

Fig. 8 – Average size and particle size distributions of the as-sintered TiNbTa specimens.
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Fig. 9 – Vickers hardness (HV1) distributions of the as-sintered TiNbTa specimens.

Fig. 10 – Discrimination of the Vickers hardness (HV1) for
the submicrometric and nanometric particle size areas for
t

h
w
1
s

Fig. 11 – Stress–strain curve for the as-sintered TiNbTa
he as-sintered TiNbTa specimens.

and, regarding the maximum strain, the ε values (Table 4)

ere between 10.5 and 11.5% for all specimens, except for the

300 ◦C 30 MPa,  where the porosity caused the fracture of the
pecimens before reaching the total strain level.
specimens determined by the biaxial flexural tests.

4.  Conclusions
An interesting TiNbTa material with two different alloys, the
usual body centred cubic (bcc or beta) structure and a novel
face centred cubic (fcc or gamma)  structure, was successfully
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developed by a combined powder metallurgy method based
on the synthesis by Mechanical Alloying (MA) at low energy
and the consolidation by the Pulsed Electric Current Sintering
(PECS).

The PECS process optimisation was based on the devel-
opment of a TiNbTa material with full densification and
nanostructured TiNbTa alloy. These characteristics were
reached at a sintering temperature of 1500 ◦C and a load of
30 MPa.  Lower temperatures (1300–1400 ◦C) and a higher pres-
sure (60 MPa), caused higher porosity and the release of the
powders from the die, respectively. Thus, these optimised con-
ditions (1500 ◦C and 30 MPa), together with the high heating
and cooling rates (500 ◦C min−1 and 900 ◦C min−1, respectively)
and the low dwell time (10 s) kept both (beta + gamma)  partially
nanostructured TiNbTa alloys.

The hardness and the maximum flexural strength for
the (bcc + fcc)-TiNbTa material increased with the sintering
temperature. The partial nanostructured zones presented
higher hardness in comparison with the submicrometric zone.
In addition, when the total annihilation of porosity was
produced, with the application of more  energetic sintering
conditions (from 30 MPa to 60 MPa), this caused an increase of
the particle size and a decrease of the hardness and flexural
strength.

Therefore, the interesting microstructural characteristics
that gives high hardness and mechanical strength to the
material, together with the known low elastic modulus for
the bcc-Ti alloys, makes the (beta + gamma)-TiNbTa materi-
als suitable for their use as potential biomaterials for bone
replacement foam implants.
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